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We have derived a coupled-wave theory for optical parametric amplification and oscillation in a dielectric-
modulated nonlinear optical material whose dielectric period is in resonance with the signal wave. The theory
is fully consistent with the Manley–Rowe relation for nonlinear frequency conversion. A distributed-feedback
optical parametric oscillator, while it retains most of the mode characteristics of a distributed-feedback laser,
has the additional advantage of wavelength selectivity. Unlike a distributed-feedback laser amplifier, a
distributed-feedback optical parametric amplifier, when it is seeded with an idler wave, does not have the prob-
lem of seed-signal feedback. The idler wave, which does not exist in an ordinary distributed-feedback laser,
has a profound influence on the mode thresholds and resonance frequencies of a distributed-feedback optical
parametric oscillator. © 2004 Optical Society of America
OCIS codes: 190.4970, 140.3490.1. INTRODUCTION
Single-mode oscillation is a desirable attribute for a laser
source. However, in a laser resonator, several transverse
and longitudinal modes can oscillate simultaneously in
the laser gain bandwidth. Usually it is not difficult to re-
move high-order transverse modes by limiting the gain
aperture or ensuring good laser alignment. To achieve
single-longitudinal-mode oscillation, however, one often
has to insert a dispersive element, such as an etalon or a
grating, into the laser cavity. The etalon introduces a
mode-dependent loss, so only one mode is present in the
laser gain bandwidth. An optical grating selectively re-
flects optical wavelengths that satisfy the Bragg condi-
tion. When it is built into a laser gain medium, a Bragg
grating provides distributed optical feedback similarly to
a resonator mirror and remarkably gives a mode-
dependent laser threshold. If the laser medium is homo-
geneously gain broadened, only the lowest-threshold
mode oscillates at the steady state. Inasmuch as a Bragg
grating can be monolithically integrated into a diode laser
during microfabrication, single-frequency distributed-
feedback (DFB) diode lasers have been used in numerous
applications. In a nonlinear frequency-conversion pro-
cess, the wavelengths that are generated are no longer
limited to the energy levels of the source material. For
example, an optical parametric oscillator (OPO) produces
two low-frequency photons through a pump photon with
the sum of the two output photon frequencies equal to the
pump photon frequency. Because an optical parametric
process permits wavelength tuning, it is advantageous to
extend the study of a DFB laser to a DFB OPO. Tenta-
tively, the Bragg grating in a DFB OPO is used for reso-
nating one of the output fields near Bragg resonance.
The use of a Bragg grating in conjunction with a non-0740-3224/2004/040777-14$15.00 ©linear optical material has been discussed in the litera-
ture. Previous publications reported wave propagation
in a Bragg grating with a laser-intensity-dependent re-
fractive index, which led to several interesting phenom-
ena, including optical bistability,1 self-pulsing, chaos,2
pulse compression,3 and gap solitons.4 Periodic dielectric
modulation was also employed previously to achieve
quasi-phase matching in harmonic generation in nonlin-
ear optical materials.5 However, the purpose of the di-
electric modulation studied in this paper is not directly
related to the aforementioned applications but is related
to grating-scattering enhanced local optical fields to im-
prove nonlinear frequency conversion efficiency or
achieve optical oscillation in a nonlinear optical material.
Grating-enhanced second-harmonic generation has been
studied extensively with an optical grating built in a non-
linear material strongly scattering both the fundamental
and second-harmonic field.6 Recently second-harmonic
generation was cited as an example of grating-enhanced
or -suppressed stimulated emission in a one-dimensional
photonic crystal.7 To the best of our knowledge there has
been no report of the use of coherent grating scattering
for nonlinear frequency downconversions such as optical
parametric amplification and oscillation. As will be seen
below, a DFB optical parametric amplifier (OPA), like
grating second-harmonic generation; also derives im-
proved efficiency from the strong localized optical fields in
a grating structure. In addition, a DFB OPO has the ad-
vantage of both mode selectivity and wavelength selectiv-
ity. Although some preliminary evidence of optical para-
metric oscillation was recently observed in a periodically
poled lithium niobate crystal with a built-in photorefrac-
tive DFB grating,8 a full theoretical model and physical
understanding have yet to be developed for such a coher-
ent light source.2004 Optical Society of America
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ode laser in several respects: First, most DFB diode la-
sers are electrically pumped and fixed in a small fre-
quency bandwidth from the atomic energy levels, whereas
a DFB OPO is optically pumped and wavelength select-
able in a phase-matching bandwidth. A DFB diode laser
has optical gain in both longitudinal directions, whereas a
DFB OPO has gain in only the phase-matched direction.
A DFB diode laser has only one optical wave in the gain
medium, whereas a DFB OPO has three, including pump,
signal, and idler waves. Compared to a DFB laser am-
plifier, a DFB OPA has one more freedom in selecting the
seeding optical wave. Usually it is difficult for a DFB la-
ser to function as an amplifier because of the high injec-
tion loss and reflection feedback to the seeding source
near the Bragg resonance. One can achieve a DFB OPA,
however, by seeding the nonresonance wave while produc-
ing the resonance wave near the Bragg wavelength. Our
goal in this paper is to develop a theoretical model for this
new class of coherent light source, calculate the amplifi-
cation gain of a DFB OPA from theory, and prove
longitudinal-mode selectivity in a DFB OPO under vari-
ous boundary conditions. In an optical parametric pro-
cess the high-frequency output photon is usually called
the signal output and the lower-frequency photon is called
the idler output.9 In a DFB OPO, either of the two out-
put fields could oscillate in the DFB structure. To facili-
ate the discussion in this paper, we call the photon reso-
nating in the DFB structure the signal and the other
photon the idler.
This paper is organized as follows: In Section 2 we de-
velop the coupled-wave theory for pump, signal, and idler
waves in a dielectric modulated nonlinear optical mate-
rial. In Section 3 we derive the analytic field solutions of
the signal and idler waves at Bragg resonance for a DFB
OPA and compare the results with known properties of an
ordinary OPA and a DFB laser. The comparison is fol-
lowed by numerical calculations of the signal and idler
amplification gain detuned from Bragg resonance. In
Section 4 we derive the resonance conditions of a DFB
OPO subject to various boundary reflections and discuss
the mode-dependent threshold gain in such an oscillator.
In Section 5 we present the formulation for studying the
resonant modes in a cascaded DFB OPO with arbitrary
design parameters in each DFB section and phase shifts
between adjacent DFB sections. In Section 6, variants of
the DFB OPA and OPO are described and possible imple-
mentations of the Bragg gratings in nonlinear optical ma-
terials are proposed.
A few practical, although not necessarily the most gen-
eral, assumptions are made in this paper. Because non-
linear frequency conversion is a coherent process, in this
paper we assume monochromatic mixing waves. Like a
DFB diode laser, a DFB OPA or OPO could be most easily
implemented in a nondiffractive waveguide structure.
We therefore assume that all the mixing waves are plane
waves with slowly varying field envelopes along the
Bragg grating-vector direction. Usually it takes time to
build up resonance in a resonator. We allow enough time
to reach steady-state resonance in the DFB structures
and confine the scope of this study to continuous-wave
cases.2. COUPLED-WAVE THEORY
Figure 1 depicts the general device configuration consid-
ered in this paper. Forward Bragg wave vector b0 asso-
ciated with the signal wave is collinearly phase matched
to the pump and idler wave vectors, kp and ki , respec-
tively, in the z direction. The dielectric modulation has a
spatial period Lg in a lossless nonlinear optical material
of length L. The pump and idler waves copropagate to-
ward the 1z direction. According to the configuration,
the linear dielectric constant in the material can be ex-
pressed by a Fourier series given by
e~z ! 5 e 1 (
lÞ0
De l exp~2jlkgz !, (1a)
where j 5 A21 is an imaginary unit, l is an integer other
than zero, e is the average dielectric constant, De l is the
Fourier amplitude of the dielectric modulation, and kg
[ 2p/Lg is the DFB grating vector in the z direction.
With weak dielectric modulation De l ! e, the refractive
index n(z) calculated from Eq. (1a) is given by
n~z ! 5 n 1 (
lÞ0
Dnl exp~2jlkgz !, (1b)
where n ’ Ae, Dnl ’ De l/2n, and Dnl ! n.
Under the plane-wave assumption, one can express the
electric fields of the pump, signal, and idler waves in an
optical parametric process by
E˜p,s,i~z, t ! 5 Re@Ep,s,i~z !exp~ jvp,s,it !#, (2a)
where the subscripts p, s, and i denote pump, signal, and
idler, respectively, v is the angular frequency of the elec-
tromagnetic field, and E(z) is the complex amplitude of
the field. It is unlikely that a DFB OPO would operate
near the degeneracy for which vs 5 v i 5 vp/2. If the
signal–idler wavelength satisfies the first Bragg reso-
nance at degeneracy or ls 5 l i 5 2Lg , the pump wave-
length, lp ’ Lg , will be too close to the second Bragg
resonance, and pump reflection can occur. For most
OPAs and OPOs operating far away from degeneracy, the
Fig. 1. Configuration of the DFB OPA and OPO discussed in
this paper. Forward Bragg wave vector b0 associated with the
signal wave is collinearly phase matched to pump and idler wave
vectors kp and ki , respectively, in the 1z direction. The dielec-
tric modulation has period Lg in a lossless nonlinear optical ma-
terial of length L. Normalized coordinate z¯ [ z/L is introduced
for subsequent analysis.
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Here, we define that the signal is the wave in resonance
with the DFB structure and that the pump and idler
waves are unaffected by the weak dielectric modulation.
Therefore the complex amplitudes of the pump and idler
waves have only forward-propagation components, given
by
Ep,i~z ! 5 Ap,i~z !exp~2jkp,iz !, (2b)
where A(z) is the slowly varying field envelope within a
wavelength, k [ vn/c0 5 2p/l is the wave number, and
l is the wavelength in an unperturbed nonlinear medium.
It should be noted that the definition of position-
independent k in an unperturbed medium has lumped the
effect of the index perturbation into the field envelope,
A(z). As a result of Bragg reflection, the signal wave has
both forward- and backward-propagating components,
Ef(z) and Eb(z), respectively, given by
Es~z ! 5 Ef~z ! 1 Eb~z ! [ R~z !exp~2jb0z !
1 S~z !exp~ jb0z !, (2c)
where b0 [ 2pns /l0 , l0 is the Bragg wavelength to be
determined from the phase-matching condition in Eq. (3)
below, and R(z) and S(z) are the slowly varying envelope
fields of the forward and backward components, respec-
tively. The effective propagation constant for the signal
wave, defined in the Helmholtz equation and given by
6b 5 6vs 3 ns /c0 , where c0 is the speed of light in
vacuum, is in general slightly different from b0 for a reso-
nant mode. In other words, b0 is an unknown parameter
in the guessing solution [Eq. (2c)] and will be solved
through the phase-matching condition in a DFB struc-
ture, whereas b is an intrinsic parameter defined through
the wave frequency and the refractive index of the mate-
rial. In the following calculation, one can see that the di-
electric period defines b0 through the Bragg condition and
that the mode resonance determines the frequency in b.
For a nonlinear optical material with weak index per-
turbation, the total mixing field, E˜ 5 E˜p 1 E˜s 1 E˜i , sat-
isfies the wave equation with a driving term equal to non-
linear polarization P˜NL(z, t):
„2E˜ 2 m0e0e
]2E˜
]t2
5 m0
]2P˜NL
]t2
, (3)
where e0 is the vacuum permittivity, m0 is the same as the
vacuum permeability for a nonmagnetic material, P˜NL
5 2de0E˜
2 is the second-order nonlinear polarization
density, and d is the effective nonlinear coefficient. The
choice of d depends on wave polarizations and propaga-
tion directions. We assume that the nonlinear coefficient
is unaffected by the index perturbation. Note that for
simplicity we have used scalar wave equation (3) for
analysis. Not all the wave fields are necessarily polar-
ized in the same direction. Here, we simply label the re-
fractive indices np,s,i and the effective nonlinear coeffi-
cient d without deriving their specific expressions for
different wave polarizations. In an anisotropic medium
one can obtain the specific expressions for the refractive
indices and the effective nonlinear coefficient by consider-
ing the directions of wave polarization and propagation inconjunction with the index ellipsoid and the nonlinear-
coefficient tensor of the material.
Substituting Eqs. (1) and (2) into Eq. (3) and equating
terms that satisfy vp 5 vs 1 v i , one obtains the follow-
ing coupled-wave equations under the Bragg condition
that 2b0 2 lkg 5 0:
dR~z !
dz
5 2jdR~z ! 2 jkS~z !
2jksAp~z !Ai*~z !exp~2jDkz !, (4a)
dS~z !
dz
5 jkR~z ! 1 jdS~z !, (4b)
dAi*~z !
dz
5 jk i*Ap*~z !R~z !exp~ jDkz !, (4c)
dAp~z !
dz
5 2jkpAi~z !R~z !exp~ jDkz !, (4d)
where Dk 5 kp 2 b0 2 ki is the wave-vector mismatch
among the mixing waves, d [ (b2 2 b0
2)/2b0 ’ b 2 b0
is the detuning parameter, k 5 2pDnl /l0 is the DFB cou-
pling coefficient for the forward and backward signal
waves, and kp,s,i 5 vp,s,id/(np,s,ic0) are the parametric
coupling coefficients for the pump, signal, and idler
waves. The Bragg condition 2b0 2 lkg 5 0 defines b0 or
the Bragg resonant wavelength l0 5 2nsLg /l. Without
the parametric coupling coefficients, kp,s,i 5 0, Eqs. (4)
are reduced to the coupled-wave equations for a zero-gain
DFB laser.10 Without the DFB coupling coefficient, k
5 0, Eqs. (4) are reduced to the coupled-wave equations
for an ordinary OPO.11
From Eqs. (4) and dI/dz } (E 3 dE*/dz 1 E*
3 dE/dz)n, it is straightforward to show that
1
vs
S dIfdz 2 dIbdz D 5 1v i dIidz 5 2 1vp dIpdz , (5)
where Ip is the pump intensity, Ii is the idler intensity,
and If and Ib are the forward and backward intensities of
the signal wave, respectively. Equation (5) is consistent
with the Manley–Rowe relation or photon-number conser-
vation in nonlinear frequency conversion.
For the signal and idler waves to be generated effi-
ciently, the phase mismatch among the forward pump,
signal, and idler waves,
Dkz [ ~kp 2 b0 2 ki!z, (6)
has to be small, just as required for an ordinary OPO.
The condition DkL < p defines the parametric gain
bandwidth. Because a Bragg grating in a laser medium
gives a mode-dependent threshold to the laser, a DFB
structure has been useful in forcing single-longitudinal-
mode oscillation in a diode laser. However, a typical
OPO with a cavity length of a few centimeters has much
smaller longitudinal mode spacing than a diode laser.
For example, the 1064-nm pumped parametric gain band-
width in a 1-cm lithium niobate crystal is a few
nanometers,12 whereas the free spectral range of a reso-
nator formed in such a crystal is only ;7.5 GHz, or 0.05
nm for 1.5-mm signal wavelength. The densely packed
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ordinary OPO to oscillate with a single frequency. A
DFB OPO will be valuable if a mode-dependent threshold
is present near Dk 5 0 and forces the device to oscillate
with only one longitudinal mode. Therefore, we impose
the phase-matching condition that Dkz 5 0 on Eqs. (4)
and verify in the following calculation the presence of a
mode-dependent threshold in a DFB OPO. Usually a
DFB laser oscillates at a frequency that is detuned
slightly from Bragg resonance. From the detuning pa-
rameter, d ’ b 2 b0 , the amount of the detuned fre-
quency is given by Dvs 5 dLvs,fsr /p, where vs,fsr /2p
[ c0 /(2nsL) is the free spectral range of the signal wave
in a Fabry–Perot resonator of length L. As can be seen
from what follows, Dvs of the oscillation modes is only a
few free spectral ranges from Bragg resonance and makes
a negligible change in the phase-matching condition Dkz
5 0.
Before an OPO reaches oscillation, the pump field stays
fairly constant along z, or Ap(z) ’ Ap(0). In calculating
the oscillation modes of a DFB OPO we can remove Eq.
(4d) from the coupled-wave equations under the constant-
pump condition. The coupled-wave equations are now
reduced to three linear differential equations and can be
recast into the matrix form
F dR~ z¯ !/dz¯dS~ z¯ !/dz¯
dAi*~ z¯ !/dz¯
G 5 S 2j d¯ 2 jk¯ 2 jk¯sjk¯ j d¯ 0
jk¯ i* 0 0
D F R~ z¯ !S~ z¯ !
Ai*~ z¯ !
G ,
(7)
where the dimensionless quantities z¯ 5 z/L, d¯ 5 dL, k¯
5 kL, and k¯s,i 5 ks,iAp(0)L are introduced into the ex-
pression, where L is the length of the DFB nonlinear op-
tical material. Therefore z¯ 5 0, 1 correspond to the loca-
tions of the two end facets of the device. Unlike a DFB
diode laser, a DFB OPA or OPO has gain only in the
phase-matching direction, and the parametric gain re-
sults from the pump intensity. The characteristic equa-
tion of Eq. (7) is given by
H~D ! 5 D3 1 @ d¯ 2 2 ~ G¯2 1 k¯2!#D 1 j d¯G¯2 5 0, (8)
where G¯ [ GL 5 (k¯sk¯ i)
1/2 5 (ksk i*)
1/2uAp(0)uL, where G
[ (ksk i*)
1/2uAp(0)u is the gain coefficient defined in an
ordinary OPA or OPO. The roots of Eq. (8) have the form
22j Re(Dr), jDr , jDr*, where Dr is a complex number.
To be practical in discussing the device’s performance it
is useful to find a reasonable range of the parameters, k¯
5 kL, d¯ 5 dL, and G¯ 5 (k¯sk¯ i)
1/2. In a bulk nonlinear
optical material, the evidence of DFB optical parametric
oscillation was demonstrated in the mid-infrared wave-
lengths with a 5-cm-long periodically poled lithium nio-
bate (PPLN) crystal.6 The photorefractive DFB grating
in the PPLN crystal, written by visible light, had a
refractive-index change of dn ; 1025. From the electro-
optic effect, a periodic array of microelectrodes atop a
bulk nonlinear optical material can also induce a
refractive-index change according to the expression dn
5 2rn3Eeo/2, where Eeo is the applied electrode field and
r is the electro-optic coefficient of the material. Given
the largest r 5 r33 ; 30 pm/V in lithium niobate and a
moderate electric field Eeo ; 500 V/mm, an electro-opticDFB grating could provide an index change of dn ; 7
3 1025. For sinusoidal index modulation there is a fac-
tor of 2 between dn and the Dn defined in the complex
Fourier series [Eq. (1b)] or, specifically, dn 5 2Dn.
Therefore the dimensionless DFB coupling coefficient for
a photorefractive or electro-optic grating would be in the
range 0.5 , k¯ , 5, if L ; 5 cm and l0 ; 3mm are as-
sumed. For waveguide devices the microfabrication tech-
niques used for a DFB diode laser can be applied directly
to a waveguide-type DFB OPO. However, the length of a
waveguide OPO13 can be a few hundred times that of a
DFB diode laser. With typically k¯ ; 1 for an ;100-mm-
long DFB diode laser,14 the dimensionless DFB coupling
coefficient can be k¯ ; 100 for a centimeter-long wave-
guide DFB OPO. As was shown above, frequency detun-
ing d¯ 5 dL ’ (b 2 b0)L 5 pDvs /vs,fsr is the amount of
the signal-frequency shift normalized to the free spectral
range multiplied by p. Therefore the maximum value
of ud¯u can be ;30 for the resonance modes confined to
the central 10% parametric bandwidth, if the para-
metric bandwidth is a hundred times the free spectral
range. To estimate a reasonable value for the dimension-
less parametric gain coefficient, G¯ 5 L@v ivsd
2uAp(0)u2/
(ninsc0
2)#1/2, we first assume a signal wavelength that is
approximately twice the idler wavelength. For example,
a 1064-nm pumped congruent PPLN OPO at 100 °C, pro-
ducing wavelengths ls 5 3393 and l i 5 1550 nm in
vacuum, has the material parameters,15 np 5 2.16, ns
5 2.09, ni 5 2.14, and d ; 15 pm/V. For a 1-W
continuous-wave pump laser focused to an effective waist
radius of 80 mm in a 5-cm bulk PPLN crystal, dimension-
less gain coefficient G¯ is ;0.2. If 1-W pump power is fo-
cused into a 10-mm-diameter PPLN waveguide of the
same length, the dimensionless gain coefficient becomes
G¯ ; 3. For pulsed pump lasers producing more than
kilowatts of power, G¯ is increased to a few tens in a bulk
nonlinear optical material. In what follows, we solve the
coupled-wave equations and discuss the device’s perfor-
mance within the above parameter ranges.
3. DISTRIBUTED-FEEDBACK OPTICAL
PARAMETRIC AMPLIFIER
A laser amplifier provides optical gain to a seeding laser.
In a DFB OPA, the idler is the preferred seeding wave, as
its wavelength is not in resonance with the Bragg grating.
It is possible to solve Eq. (7) analytically at zero tuning
d¯ 5 0 and to compare the solutions with known proper-
ties of an ordinary OPA and a DFB structure. At zero de-
tuning, one finds that Re(Dr) 5 0 and the three eigenval-
ues from the characteristic equation (8) are 0, 6g¯
[ 6(k¯2 1 G¯2)1/2. It can be seen that DFB parametric
gain coefficient g¯ is enhanced from ordinary parametric
gain G¯ through DFB coupling coefficient k¯. However, the
performance of such a device is subject to specific bound-
ary conditions. For example, one advantage of such a de-
vice compared with a conventional DFB laser is its ability
to function as an OPA and a difference-frequency genera-
tor (DFG). In a typical DFB laser amplifier it is difficult
to inject a seed signal into the DFB structure with the
seed-laser wavelength near Bragg resonance. Severe re-
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the seeding laser in a typical DFB laser amplifier.16
When a DFB OPA is seeded with the idler wave, however,
one obtains a signal wave from difference frequency gen-
eration and an amplified idler wave from optical paramet-
ric amplification without the need to consider reflection
loss or unwanted optical feedback. For boundary condi-
tions R(0) 5 0, S(1) 5 0, and Ai*(0), the solutions to
Eq. (7) at zero detuning are
R~ z¯ ! 5
g¯
jk¯ i*
sinh~ g¯ z¯ !
1 1 ~ k¯2/G¯2!cosh~ g¯ !
Ai*~0 !, (9a)
S~ z¯ ! 5
k¯
k¯ i*
cosh~ g¯ z¯ ! 2 cosh~ g¯ !
1 1 ~ k¯2/G¯2!cosh~ g¯ !
Ai*~0 !,
(9b)
Ai~ z¯ ! 5
~ k¯2/G¯2!cosh~ g¯ ! 1 cosh~ g¯ z¯ !
1 1 ~ k¯2/G¯2!cosh~ g¯ !
Ai~0 !.
(9c)
Without the DFB structure or k¯ 5 0, Eq. (9b) disappears
and Eqs. (9a) and (9c) are reduced to the signal and idler
expressions for an ordinary OPA. With some algebraic
effort, one can verify the conservation of photon numbers:
If~1 ! 1 Ib~0 !
vs
5
Ii~1 ! 2 Ii~0 !
v i
(10)
at the outputs of this device. Because Eqs. (9) do not con-
tain any poles, this device cannot function as an oscillator
at d¯ 5 0 for the given boundary conditions. Figure 2 il-
lustrates the growth of the forward signal, backward sig-
nal, and idler intensities for G¯ 5 0.5, v i /vs 5 2.2, k¯
5 0.5, and ni /ns ’ 1. In the figure the intensity gains
for the forward signal, the backward signal, and the idler
waves are defined to be h f( z¯) 5 If( z¯)/Ii(0), hb( z¯)
5 Ib( z¯)/Ii(0), and h i( z¯) 5 @Ii( z¯)/Ii(0)# 2 1, respectively.
The gain value G¯ 5 0.5 in the figure falls into the range of
Fig. 2. Intensity gain versus distance for the forward signal, the
backward signal, and the idler in a DFB OPA subject to G¯
5 0.5, v i /vs 5 2.2, k¯ 5 0.5, d¯ 5 0, and ni /ns ’ 1. This figure
shows the remarkable property of a DFB OPA, i.e., asymmetric
gain in the 6z directions, and therefore the convenient power ex-
traction in the forward direction. Inset, parametric gain of a
DFB OPA at d¯ 5 0 influenced by k¯ relative to that of an ordinary
OPA.the parametric gain estimated previously for an ;1-W
pumped continuous-wave PPLN OPA. The choice of the
ratio v i /vs alters the output powers through Eq. (10) but
does not change the mixing photons that are subject to
the Manley–Rowe relation. Figure 2 shows one of the re-
markable properties of a DFB OPO, in which the optical
amplification is primarily along the phase-matching di-
rection or the forward direction. It can be seen from the
figure that more than 90% of the signal power, along with
the amplified idler power, propagates in the forward di-
rection because of the forward parametric gain. This
property is desirable for forward power extraction in most
applications and makes a DFA OPA fundamentally differ-
ent from a DFB laser amplifier. For a comparison of this
device with an ordinary OPA at zero detuning, the inset in
Fig. 2 shows the performance ratio r in the range of the
DFB coupling, 0 , k¯ , 1. The performance ratio is de-
fined to be the intensity gain ratio of the signal and the
idler between a DFB OPA and an ordinary OPA, given by
r [
h f~1 ! 1 hb~0 !
hs,0~1 !
5
h i~1 !
h i,0~1 !
, (11)
where hs,0( z¯) [ sinh
2(G¯z¯)(ns /ni)uk¯s /k¯ i*u and h i,0( z¯)
[ sinh2(G¯z¯) are the signal and the idler intensity gains,
respectively, of an ordinary OPA with an initial seeding
amplitude Ai*(0).
11 The equality in Eq. (11) is a conse-
quence of photon-number conservation from Eq. (10). As
shown by the inset in Fig. 2, the performance ratio is still
above 90% for k¯ , 0.5. However, as coupling coefficient
k¯ increases further, the formation of a stop band near d¯
5 0 quickly reduces the performance of the DFB OPA–
DFG performance. Physically, the gain reduction is at-
tributable to the backreflection of the signal wave in the
DFB structure, which is similar to the situation in which
parametric gain is decreased in an absorbing nonlinear
optical material. The removal of any mixing photons in
an optical parametric process suppresses the growth of
both signal and idler.17 Nonetheless, a DFB OPA permits
the use of the idler as a seeding wave, which would be im-
possible for an ordinary DFB laser amplifier. Lifting the
constraint of d¯ 5 0 will further reveal the gain and band-
width advantages of a DFB OPA, as is shown below.
The specific solutions of a set of linear differential
equations depend on boundary conditions. Different
boundary conditions could result in quite different conclu-
sions. For example, if one chooses boundary conditions
R(0), S(0) 5 k¯Ai*(0)/k¯ i*, and Ai*(0) at d¯ 5 0, the solu-
tions to Eq. (7) become
R~ z¯ ! 5 R~0 !cosh g¯ z¯ 1
g¯
jk¯ i*
Ai*~0 !sinh g¯ z¯, (12a)
S~ z¯ ! 5 j
k¯
g¯
R~0 !sinh g¯ z¯ 1
k¯
k¯ i*
Ai*~0 !cosh g¯ z¯,
(12b)
Ai*~ z¯ ! 5 j
k¯ i*
g¯
R~0 !sinh g¯ z¯ 1 Ai*~0 !cosh g¯ z¯.
(12c)
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ordinary OPA, subject to boundary conditions R(0) and
Ai*(0). However, the expressions in Eqs. (12) take full
advantage of the enhanced gain coefficient g¯ [ (k¯2
1 G¯2)1/2 in such a DFB structure. In the high-gain re-
gime, the amplitudes of all three waves enjoy exponential
growth in the 1z direction with DFB-enhanced gain coef-
ficient g¯. Whether a solution is possible depends on
whether the boundary conditions are physically reason-
able. Because vacuum noise contains all possible initial
photons over the whole spectrum, the boundary condi-
tions for obtaining Eqs. (12), in particular S(0)
5 k¯Ai*(0)/k¯ i*, could be statistically possible in a high-
gain, single-pass optical parametric generation (OPG)
process. In such an OPG process, both the forward sig-
nal and the idler waves grow exponentially along 1z,
and, because of instantaneous backscattering of the for-
ward signal wave from the local DFB structure, the back-
ward signal wave also grows along 1z. Further experi-
mental studies are necessary to verify the peculiar
solutions [Eqs. (12)].
Previously we focused on device performance at zero
detuning. The analytic solutions at Bragg resonance d¯
5 0 have been useful for comparison of the theoretical
model against some known properties of an ordinary OPA
and a DFB structure. However, for some detuning value
d¯ we show in what follows that the OPA and DFG gain is
drastically enhanced near some mode resonances. By us-
ing numerical techniques (refer to Appendix A) we can
solve Eq. (7) to obtain
F R~1 !S~1 !
Ai*~1 !
G 5 B~1 !F R~0 !S~0 !
Ai*~0 !
G ,
B~1 ! 5 F b11~1 ! b12~1 ! b13~1 !b21~1 ! b22~1 ! b23~1 !
b31~1 ! b32~1 ! b33~1 !
G .
(13)
Under the OPA boundary conditions, i.e., R(0) 5 0,
S(1) 5 0, and Ai*(0), the output signal and the idler are
given by
R~1 ! 5 F2Ub12~1 ! b13~1 !b22~1 ! b23~1 !UY b22~1 !GAi*~0 !,
(14a)
S~0 ! 5
2 b23~1 !
b22~1 !
Ai*~0 !, (14b)
Ai*~1 ! 5 FUb22~1 ! b23~1 !b32~1 ! b33~1 !UY b22~1 !GAi*~0 !.
(14c)
Figure 3 is a contour plot of OPA intensity amplification
ratio Ii(1)/Ii(0), or h i(1) 1 1, in the G¯ 2 d¯ plane for DFB
coupling coefficient k¯ 5 1. The contours show the gain
and detuning values, G¯ and d¯, that correspond to the idler
amplification ratios Ii(1)/Ii(0) 5 cosh
2(1), cosh2(2),
...cosh2(8). Because the amplification ratio for an ordi-
nary OPA is given by Ii(1)/Ii(0) 5 cosh
2 G¯ for the given
boundary conditions,11 the contour curves relative to thehorizontal dotted lines G¯ 5 1, 2,..., 8 give a qualitative
gain comparison of a DFB OPA and an ordinary OPA. It
is evident from the figure that a DFB OPA operating at
d¯ 5 0 and large G¯ has less gain than an ordinary OPA.
However, near some detuning values the OPA gain be-
comes significant and the device starts to oscillate for
some threshold gain G¯ at which OPA amplification ratio
Ii(1)/Ii(0) becomes unbounded. In Fig. 3 six resonance
modes are centered in the eyelike circles and are symmet-
ric with respect to d¯ 5 0. The location of a resonant
mode gives the threshold gain and detuning values that
cause ub22(1)u 5 0 in Eqs. (14). The frequency detuning
between the lowest-threshold modes is the bandgap of the
DFB structure. It should be pointed out that Eqs. (14) do
not take into account any end reflections of the mixing
waves from the device boundaries at z¯ 5 0 and z¯ 5 1. In
what follows, we first study the basic mode properties of a
DFB OPO without end reflections and then consider the
reflections to show various ways of mode selection and
threshold adjustment.
4. DISTRIBUTED-FEEDBACK OPTICAL
PARAMETRIC OSCILLATOR
From Eq. (13), the forward transmittance, backward
transmittance, forward reflectance, and backward reflec-
tance of the signal waves are
UR~1 !
R~0 !
U2 5 Ub11~1 !b22~1 ! 2 b21~1 !b12~1 !
b22~1 !
U2 ,
S~1 ! 5 0, Ai*~0 ! 5 0, (15a)
US~0 !
S~1 !
U2 5 U 1
b22~1 !
U2 , R~0 ! 5 0, Ai*~0 ! 5 0,
(15b)
US~0 !
R~0 !
U2 5 U 2 b21~1 !
b22~1 !
U2 , S~1 ! 5 0, Ai*~0 !
5 0, (15c)
Fig. 3. Contour plot of the OPA intensity amplification ratio
Ii(1)/Ii(0) 5 cosh
2(1),...,cosh2(8) in the plane of parametric gain
G¯ and frequency detuning d¯ for k¯ 5 1. The eyelike circles are
the locations of resonant modes.
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S~1 !
U2 5 Ub12~1 !
b22~1 !
U2 , R~0 ! 5 0, Ai*~0 ! 5 0,
(15d)
respectively. At resonance, Eqs. (15) become infinite and
the device produces a finite output without an input. Ac-
cordingly, the steady-state resonance for a DFB OPO oc-
curs at ub22(1)u 5 0, as given above. The parametric
gain and detuning values that make ub22(1)u 5 0 define
the threshold gain and the oscillation frequency of a reso-
nant mode. Matrix element b22(1) can be expressed ex-
plicitly by the inverse Laplace transform
b22~ z¯ ! 5 L21H s~s 1 j d¯ ! 2 G¯2
s3 1 @ d¯ 2 2 ~ k¯2 1 G¯2!#s 1 j d¯G¯2
J ,
(16)
evaluated at z¯ 5 1. According to Eq. (16), the mode lo-
cation is independent of the relative phase between the
parametric coupling coefficients k¯s and k¯s or is irrelevant
to the initial pump phase. By solving ub22(1)u 5 0 we
show in Fig. 4 the first three longitudinal-mode branches,
labeled m 5 1 ,2, 3, in the plane of threshold gain G¯th and
frequency detuning d¯ for various DFB coupling coeffi-
cients k¯. This plot is valid for a DFB OPO without end
reflections. Each point on a solid curve of Fig. 4 desig-
nates a frequency detuning value and threshold gain of
an OPO longitudinal mode at a given k¯ value. DFB cou-
pling coefficient k¯ varies continuously along the solid
curves, as indicated by the numbers marked on the
dashed lines. For example, with DFB coupling coeffi-
cient k¯ 5 0.1, the first OPO mode starts to oscillate with
threshold gain G¯th 5 10 and frequency detuning d¯
5 2.49. The mode branches are symmetric with respect
to the zero detuning line d¯ 5 0, and only those with posi-
tive frequency detuning are shown in the figure. As ex-
pected, the larger the DFB coupling coefficient, the lower
the threshold gain. Like a DFB laser, a DFB OPO has
mode-dependent thresholds that often result in the cru-
cial consequence of single-mode oscillation in a DFB laser.
The threshold gain for a symmetric singly resonant OPO
(SRO) is given by R cosh G¯th 5 1,
18 where R is the reflec-
tance of the resonator mirrors at the signal wavelength.
For comparison, we plot in the same figure by two
dashed–dotted lines the threshold gains of two SROs with
R 5 12.6%, 95%. The value R 5 12.6% equals the opti-
cal reflectance from an uncoated, polished lithium niobate
crystal with n 5 2.1. To have the same threshold gain as
that for an R 5 12.6% (95%) SRO, a DFB OPO with no
end reflections requires a coupling coefficient of k¯ 5 2
(20) to oscillate at the m 5 61 mode.
The width of the stop band or the bandgap of the DFB
OPO is the horizontal distance between the two symmet-
ric lowest-threshold modes in Fig. 4. All resonances can
occur only outside the stop band. In the low-gain limit,
the width of the stop band can be estimated from the
characteristic equation (8). Given G¯ ; 0, the three eigen-
values are D ; 0, 6Ak¯2 2 d¯ 2. According to Eq. (2c), the
propagation constant of the modes is given by b0
1 Im(D), where Im(D) is the imaginary part of eigen-
value D. Eigenvalue D 5 0 does not attenuate the wave
propagation. To ensure propagation modes, the othertwo eigenvalues must be imaginary numbers or ud¯u . k¯.
Therefore the stop-band width in the low-gain limit is ap-
proximately equal to ;2k¯. This result is consistent with
that for a DFB laser and is clearly shown in Fig. 4.
In addition to its simplicity, the most important feature
of a DFB laser is that the laser thresholds for different
longitudinal modes are different. In a homogeneously
gain broadened laser medium, the lowest threshold mode
oscillates first and becomes the dominant oscillation mode
of the laser at the steady state. This mode-dependent
threshold gain can also be found from a DFB OPO. Fig-
ure 5 shows the mode threshold gain versus the DFB cou-
pling coefficient for the first six modes (m 5 61,
62, 63) in a DFB OPO without end reflections. In the
figure, the mode influence on gain is not obvious for k¯
; 0, but it becomes evident when k¯ deviates only slightly
from the zero value. For example, at k¯ 5 5 the threshold
gain of the first modes (m 5 61) is lower than that of the
second modes (m 5 62) by DG¯th 5 2.38, or ;20 dB,
which is large enough for mode selection in an optical os-
cillator. Although in this calculation the structure’s sym-
metry gives symmetric threshold gain for positively and
Fig. 4. Threshold gain and frequency detuning of the first three
longitudinal-mode branches (m 5 1, 2, 3) of a DFB OPO without
facet reflections. Each point on a solid curve designates a fre-
quency detuning value and threshold gain of a longitudinal mode
at a given k¯. DFB coupling coefficient k¯ varies continuously
along the solid curves, as indicated by the values on the dashed
lines. For comparison, the threshold gains of conventional sym-
metric singly resonant OPOs (SROs) with mirror reflectances of
12.6% (95%) are shown by dashed–dotted lines.
Fig. 5. Threshold gain of a DFB OPO versus DFB coupling co-
efficient k¯ for the first six modes. Mode-dependent threshold
gain is evident for nonzero k¯.
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instance in facet reflections or structure design, can re-
move the threshold degeneracy. This symmetry breaking
to threshold gain will become evident when we incorpo-
rate end reflections into the calculation.
It should be pointed out that the concept of homoge-
neous gain broadening has been historically associated
with a laser. To the best of our knowledge, the gain-
broadening mechanism associated with nonlinear polar-
izations has never been discussed or cited. Recently we
observed a homogeneous gain-broadening phenomenon
from a PPLN OPA seeded by a megahertz linewidth diode
laser.19 Even though the pump intensity was increased
to a level strong enough to produce OPG, the strongly
pumped OPA still produced a transform-limited line-
width. The usual broad OPG spectrum was homoge-
neously narrowed and quenched to the seed-laser line-
width. This observation, along with the mode-dependent
threshold gain in Fig. 5, fully supports the assertion of
single-longitudinal-mode operation of a DFB OPO.
In an ordinary DFB laser the mode locations are sensi-
tive to end reflections, including the reflectance and the
reflection phase. To investigate this effect in a DFB OPO
we impose the following boundary conditions on steady-
state resonance:
R~0 ! 5 AR1 exp~ jf1!S~0 !, z¯ 5 0, (17a)
S~1 ! 5 AR2 exp~ jf2!R~1 !, z¯ 5 1, (17b)
where R1,2 and f1,2 are the reflectances and the reflection
phases, respectively, at the first and second OPO facets.
Assuming that Ai*(0) 5 0 for a DFB SRO with negligible
end reflections at the idler wavelength and substituting
boundary conditions (17) into Eq. (13), one obtains the
steady-state condition at mode resonance:
Ub21~1 !AR1 exp~ jf1! 1 b22~1 !
b11~1 !AR1 exp~ jf1! 1 b12~1 !
2 AR2 exp~ jf2!U 5 0.
(18)
For zero reflections, R1,2 5 0, Eq. (18) is reduced to the
previous resonance condition, ub22(1)u 5 0. In a DFB di-
ode laser the end reflections have two effects, mode shift
and threshold adjustment. To illustrate this property for
a DFB OPO, we plot in Fig. 6 the mode loci with variable
phase f1 in the G¯th– d¯ plane, assuming that R2 5 0 and
k¯ 5 2. The continuous and dashed curves correspond to
the reflectances of R1 5 12.6% and R1 5 99%, respec-
tively, at the upstream OPO facet. A resonance mode
moves along the curves when f1 is varied and settles at
the location of the next longitudinal mode after a 2p
phase change in f1 . The mode locations for f1 5 0, p/2,
p are indicated by circles, triangles, and rectangles, re-
spectively. Usually a symmetric DFB laser has a band-
gap near Bragg resonance or zero detuning, d¯ 5 0. A
DFB OPO is no exception, as can be seen from Figs. 3 and
4. However, choosing reflection phase f1 5 p/2 results
in the appearance of a gap mode at Bragg resonance in
Fig. 6. Facet reflection R1 permits the adjustment of the
threshold gain of the gap mode. In Fig. 6 a high-
threshold gap mode becomes a low-threshold gap modewhen the first facet reflectance is increased from R1
5 12.6% to R1 5 99%. The condition for creating such
a low-threshold gap mode in a DFB OPO turns out to be
the same as that in an ordinary DFB laser.20 Therefore a
DFB OPO with uniform sinusoidal dielectric modulation
has mode-shift and threshold-adjustment properties simi-
lar to those of an ordinary DFB laser. Compared to a
DFB diode laser, a DFB OPO has additional optical
waves, namely, idler and pump waves, in the source me-
dium. As is shown in Section 5 below, it is possible to
manipulate, for example, the idler phase in a cascaded
DFB OPO and control its mode thresholds and frequen-
cies.
5. TAPERED DISTRIBUTED-FEEDBACK
OPTICAL PARAMETRIC AMPLIFIER AND
OSCILLATOR
The Bragg grating in a DFB OPA–OPO provides spec-
trally selective optical feedbacks to the mixing waves. In
the calculation above, the parameter that contains the
spectral information is detuning parameter d¯, and that
which contains the feedback strength is DFB coupling co-
efficient k¯. It is advantageous to have more parameter
freedom for optimizing the gain and spectral performance
of a DFB OPA or OPO. One can obtain additional param-
eter freedom by tapering a DFB structure in which the
DFB parameters d¯ and k¯ are functions of distance. The
matrix formulation developed above can be readily ex-
tended to calculating a cascaded DFB OPA–OPO struc-
ture with different component sections defined by differ-
ent sets of structure parameters. In the calculation,
arbitrary optical phase shifts between adjacent DFB sec-
tions, which result from structure defects or intentional
fabrications, can be inserted between the matrices that
represent individual DFB sections. In what follows, we
first derive the expression that governs a cascaded DFB
Fig. 6. Mode loci for R1 5 12.6% and R1 5 99% with R2 5 0,
k¯ 5 2, and variable f1 . Each symbol on a curve (a circle, a tri-
angle, or a rectangle) indicates a set of longitudinal modes for a
given f1 . For f1 5 p/2 and R1 5 12.6%, a high-threshold gap
mode appears at the Bragg resonance d¯ 5 0. However, the
threshold gain of the gap mode can become the lowest gain if
high reflection R1 5 99% is set from the upstream OPO facet.
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havior of a two-section DFB OPO with variable signal and
idler phases between the two DFB sections.
From Eqs. (2) and (13), the complex amplitudes of the
signal and idler waves at input z¯ 5 0 and at arbitrary po-
sition z¯ of a uniform DFB OPA–OPO are related by
F Ef~ z¯ !Eb~ z¯ !
Ei*~ z¯ !
G 5 F exp~2jb¯0z¯ ! 0 00 exp~ jb¯0z¯ ! 0
0 0 exp~ jk¯ iz¯ !
G
3 B~ z¯ !F Ef~0 !Eb~0 !
Ei*~0 !
G , (19)
where the dimensionless quantities b¯0 [ b0L and k¯ i
[ kiL are introduced. Suppose that a DFB OPA–OPO
of length L is divided into N sections, with the qth section,
of length z¯q , having DFB parameters k¯q , G¯q , and d¯q .
With the specified DFB parameters, the qth DFB section
is characterized by a unique transfer matrix Bq( z¯q) that
relates the input and output field envelopes according to
Eq. (A5) below, provided that the DFB section contains
many DFB grating periods and that the Fourier series,
Eq. (1), is valid. This assumption is usually true, be-
cause the DFB grating period in the infrared or visible
spectrum is of the order of a micrometer and a 1-mm sec-
tion of such a device contains approximately 103 periods.
Furthermore, suppose that a signal phase and an idler
phase, fs,q8 and f i,q8, respectively, are introduced be-
tween the q and the q 1 1 sections as a result of struc-
ture defects or intentional implementations. The com-
plex amplitudes of the signal and idler waves between the
input and output of the N-section cascaded OPA–OPO are
therefore related by
F Ef~1 !Eb~1 !
Ei*~1 !
G 5 )
q51
N F exp~2jfs,q! 0 00 exp~ jfs,q! 0
0 0 exp~ jf i,q!
G
3 Bq~ z¯q!F Ef~0 !Eb~0 !
Ei*~0 !
G , (20)
where fs,q [ b¯0,qz¯q 1 fs,q8, f i,q [ k¯ i,qz¯q 1 f i,q8, and
(q51
N z¯q 5 1.
For a symmetric cascaded structure containing two
identical DFB sections, Eq. (20) is reduced to
F Ef~1 !Eb~1 !
Ei*~1 !
G 5 F exp~2jb¯0/2! 0 00 exp~ jb¯0/2! 0
0 0 exp~ jk¯ i/2!
G
3 B~1/2!
3 F exp~2jfs! 0 00 exp~ jfs! 0
0 0 exp~ jf i!
G
3 B~1/2!F Ef~0 !Eb~0 !
Ei*~0 !
G , (21)or, in terms of the field envelopes,
F R~1 !S~1 !
Ai*~1 !
G 5 B~1/2!F exp~2jfs! 0 00 exp~ jfs! 0
0 0 exp~ jf i!
G
3 B~1/2!F R~0 !S~0 !
Ai*~0 !
G , (22)
wherein the optical phases fs8 and f i8 are introduced at
the junction of the two DFB sections, and therefore fs
[ b¯0/2 1 fs8 and f i [ k¯ i/2 1 f i8. One can implement
signal phase fs8 by adding or removing a certain length of
the DFB period, and the difference between signal and
idler phases can be obtained from material dispersion or
dynamically controlled by an electric field in an electro-
optic material. As both the DFB period and the coher-
ence length between the signal and idler waves are of the
order of micrometers for most nonlinear optical materials
in the optical spectrum, the parametric gain from the
short-defect section between the adjacent DFB sections
can be ignored. The resonance condition of the system
governed by Eq. (22), as concluded from Eqs. (15), is given
by
ub12~1/2!b21~1/2!exp~2jfs! 1 b222~1/2!exp~ jfs!
1 b23~1/2!b32~1/2!exp~ jf i!u 5 0. (23)
In a DFB laser, a DFB structure with a high-reflection
end and an optical phase shift from the end face is equiva-
lent to a structure cascaded from two uniform DFB sec-
tions with the same optical phase shift at the center of the
structure. For example, a low-threshold gap mode is cre-
ated in a DFB laser if a quarter-wave phase shift is intro-
duced in both the forward and the backward waves at the
middle of a DFB structure without end-face reflections or
at a high-reflection end of a uniform DFB structure. As
shown in Fig. 6, a gap mode was also created in a DFB
OPO with a quarter-wave phase shift introduced at the
high-reflection end. This analogy between a DFB diode
laser and a DFB OPO is attributable to the boundary con-
dition Ai*(0) 5 0 associated with a self-started DFB
SRO, which decouples the initial idler amplitude and
phase from resonance condition (18) and makes the mode
characteristics of a DFB OPO with a high-reflection
boundary resemble those of a DFB diode laser given the
same boundary condition. A symmetric cascaded DFB
OPO, however, is fundamentally different from a symmet-
ric cascaded DFB diode laser because the idler field pro-
duced in the first DFB OPO section continuously propa-
gates into the second section. Therefore one would
expect that both the signal and the idler phases at the
center of a symmetric cascaded DFB OPO would influence
the mode characteristics of a cascaded DFB OPO. Using
Eq. (23) and keeping k¯ 5 2 and fs 5 0 yield the tuning
the mode frequency and threshold through idler phase f i
as shown in Fig. 7(a). As expected from a uniform DFB
OPO, the mode locations that correspond to fs 5 f i 5 0
are the same as those with k¯ 5 2 in Fig. 4. The stop
band is located between the two distorted circles. It can
be seen from Fig. 7(a) that varying idler phase f i traces
out a mode branch for each mode number m in the G¯th– d¯
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nected to m 5 62 for some idler phase values. The pro-
found influence of the idler phase on mode threshold and
frequency results from coherence superposition of the sig-
nal fields in the two DFB sections. In each DFB section
the signal field is phase matched to the idler field.
Therefore the phase reset of the idler field between the
DFB sections changes the relative phase of the signal
waves in the two DFB sections. Because the resonant
mode is a consequence of the longitudinal phase condition
imposed on the signal wave, the idler phase controls the
signal phase through the parametric process and in turn
tunes the mode frequency and threshold of such an oscil-
lator. Figure 7(b) shows the mode loci of a symmetrically
cascaded DFB OPO with fs 5 p/2 and variable f i . In
Fig. 7(b), f i varies with p/16 between adjacent dots, and
each mode branch expanded by f i is clearly shown. Al-
Fig. 7. Mode loci of a symmetrically cascaded, two-section DFB
OPO in the G¯th– d¯ plane for (a) fs 5 0 and variable f i and (b)
fs 5 p/2 and variable f i . In (b), f i varies by p/16 between ad-
jacent dots. The DFB coupling coefficient is kept at k¯ 5 2.
Idler phase f i has a profound influence on the mode frequencies
and thresholds.though it is well known that a quarter-wave middle sec-
tion in a symmetric cascaded DFB laser always creates a
low-threshold gap mode in the stop band,21 it can be seen
from Fig. 7(b) that the idler phase is capable of tuning the
frequency and threshold of the gap mode in a symmetric
cascaded DFB OPO that has a quarter-wave middle sec-
tion. The idler-phase tuning is unique to a DFB OPO
and offers an additional degree of freedom in mode-
threshold and mode-frequency control. For more-
complicated tapered DFB OPO structures the general ex-
pression, Eq. (20), can be used for further analysis.
6. DISCUSSION
In this paper we have developed the theoretical basis of a
new class of coherent light source called distributed-
feedback optical parametric amplifiers and oscillators.
The behavior of this new class of light source constitutes a
rich set of physics, which we cannot fully explore with all
possible device configurations in a single paper. How-
ever, we have discussed the most commonly adopted con-
figuration of this device, in which the pump and idler
waves propagate only in the forward direction, the signal
wave resonates in the DFB structure, and the mixing
waves are plane waves like those in a waveguide. We
discuss in what follows possible expansions of the theory,
variants of the device configuration, and implementation
of the Bragg grating in a nonlinear optical material.
Similarly to a DFB laser, a DFB OPO is most suited for
waveguide operation because of its better beam confine-
ment and mature microfabrication technology. Modifica-
tion of the bulk DFB OPA–OPO theory for a waveguide
structure is straightforward by introduction into Eq. (3) of
the transversely dependent mode fields and dielectric
modulation, given by
E˜p,s,i~x, y, z, t ! 5 Re@Fp,s,i~x, y !Ep,s,i~z !exp~ jvp,s,it !#,
(24)
De~x, y, z ! 5 (
lÞ0
De l~x, y !exp~2jlkgz !, (25)
where Fp,s,i(x, y) are the electric field profiles of the
transverse waveguide modes of the mixing waves. The
net result is the modification of DFB coupling coefficient k
in accordance with the transverse dependence of the
waveguide mode and the refractive index. The deriva-
tion can be found in most textbooks that describe coupled
waves in a dielectric modulated optical waveguide (see,
for example, Ref. 22).
For the analysis in this paper, the pump wave was not
included because of the constant- or undepleted-pump as-
sumption. For the resonant-mode analysis, which is the
primary focus of this paper, this assumption is valid, be-
cause the pump is fairly constant before a DFB OPO
reaches oscillation. However, to understand the pump-
depleted gain of a DFB OPA and the conversion efficiency
of a DFB OPO it is necessary to include the pump wave in
the analysis. The inclusion of pump-wave equation (4d)
generates a set of nonlinear differential equations, and a
different numerical technique is required for further in-
vestigating the pump-depleted regime of a DFB OPA–
OPO.
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used for an OPA or an OPO has a small absorption loss at
certain wavelengths. Extending coupled-wave theory to
accommodate the optical loss is straightforward. With
distributed absorption loss, the complex dielectric con-
stant contains a modulated imaginary part together with
a real part, given by
e~z ! 5 e8 1 (
lÞ0
De l8 exp~2jlkgz !
2 jF e9 1 (
lÞ0
De9 exp~2jlkgz !G , (26)
where e8 2 je9 is the average dielectric constant includ-
ing the optical loss in e9, and De l8 and De l9 are the real
and imaginary parts of the Fourier amplitudes of the di-
electric modulation. With e9 ! e8, De l8 ! e8, and De l9
! e9, refractive index n(z) and amplitude attenuation
coefficient a(z) seen by an optical wave are given by
n~z ! 5 n 1 (
lÞ0
Dnl exp~2jlkgz !, (27)
a~z ! 5 a 1 (
lÞ0
Da l exp~2jlkgz !, (28)
where n ’ Ae8, Dnl ’ De l8/2n, a ’ pe9/(nlV), Dnl
! n, Da l ! a, and Da l ’ pDe l9/(nlV), where lV is the
vacuum wavelength of the optical field. Adopting expres-
sions (26)–(28) and substituting Eqs. (2) into the wave
equation with optical loss and nonlinear polarization, one
obtains the modified coupled-wave equations under the si-
multaneous phase-matching conditions, (2b0 2 lkg)z
5 0 and (kp 2 b0 2 ki)z 5 0:
dR~z !
dz
5 2~ jd 1 as!R~z ! 2 jkaS~z !
2 jksAp~z !Ai*~z !, (29a)
dS~z !
dz
5 jkaR~z ! 1 ~ jd 1 as!S~z !, (29b)
dAi*~z !
dz
5 jk i*Ap*~z !R~z ! 2 a iAi*~z !,
(29c)
dAp~z !
dz
5 2jkpAi~z !R~z ! 2 apAp~z !, (29d)
where the DFB coupling coefficient is modified to be ka
5 2pDnl /l0 2 jDa l . With the loss terms as,i, p in the
coupled-wave equations, the general result is the reduc-
tion of the parametric gain of a DFB OPA and the in-
crease of the mode threshold of a DFB OPO. To study
the detailed behavior of a lossy DFB OPA or OPO, one can
start with modified coupled-wave equations (29) and fol-
low the same analysis described in Sections 3–5.
For a more general configuration, the pump wave, and
thus the idler wave, may propagate in both longitudinal
directions. This configuration could occur in an
intracavity-pumped DFB OPO. With all three mixing
waves propagating in both longitudinal directions, thereare six coupled-wave equations that govern the forward
and backward field envelopes of the signal, idler, and
pump waves under the phase-matching conditions, (2b0
2 lkg)z 5 0 and (kp 2 b0 2 ki)z 5 0. The fundamen-
tal difference between this double-side pumped DFB OPO
and the single-side pumped DFB OPO [Eqs. (4)] is in its
symmetry along the 6z directions. Therefore the mode
property of a double-side pumped DFB OPO is expected to
be closer to that of a DFB diode laser, except that the
parametric gain of an OPO is coupled through nonlinear
polarizations but not through electron–hole combina-
tions. A double-side pumped DFB OPO, although it has
the same gain-direction symmetry as a DFB diode laser,
contains additional optical waves, the pump and idler
waves, in the gain medium. The optical phases and in-
tensities of the pump and idler waves will certainly influ-
ence the growth of the signal wave and distinguish a
double-side pumped DFB OPO from a DFB diode laser.
We leave a detailed study of the double-side pumped DFB
OPO for future research.
The forward phase-matching condition, (kp 2 b0
2 ki)z 5 0, studied in this paper is just one of several
possible phase-matching conditions in a DFB OPA or OPO
and is the most common condition in practice. In gen-
eral, given Bragg condition 2b0 2 lkg 5 0, there are
three sets of coupled-wave equations that correspond to
the three possible phase-matching conditions (kp 2 b0
2 ki)z 5 0, (kp 1 b0 2 ki)z 5 0, and (kp 2 b0 1 ki)z
5 0. Besides forward-phase-matched coupled-wave
equations (4), the other two sets of coupled-wave equa-
tions, subject to phase-matching conditions (kp 1 b0
2 ki)z 5 0 and (kp 2 b0 1 ki)z 5 0, belong to a class of
backward-wave OPAs or OPOs.23 If a quasi-phase-
matched nonlinear optical material is used, there is an-
other set of coupled-wave equations that corresponds to
the phase-matching condition (kp 1 b0 1 ki 2 kQPM)z
5 0, where kQPM is the quasi-phase-matching grating
vector.24 For the three phase-matching conditions (kp
1 b0 2 ki)z 5 0, (kp 2 b0 1 ki)z 5 0, and (kp 1 b0
1 ki 2 kQPM)z 5 0, either or both the signal and the
idler waves propagate in the opposite direction from the
pump wave. The counterpropagating waves form an in-
ternal feedback loop for establishing optical oscillation
even without a DFB structure. Our preliminary study
shows that, with the DFB structure, the structure feed-
back loop competes with the internal feedback loop and
creates detuned oscillation modes in addition to those at
Bragg resonance.
Implementation of the Bragg grating in a nonlinear op-
tical material is crucial for fabricating this useful coher-
ent light source. The first demonstrated DFB OPO uti-
lized a photorefractive grating in a bulk PPLN crystal.
For the photorefractive DFB structure, further improve-
ments in the thermal stability and coupling strength of
the grating are necessary. Many nonlinear optical mate-
rials are also electro-optic materials. The space charge
field for producing the photorefractive grating can in
some cases be replaced by an external electric field from
an array of periodic microelectrodes. As was estimated
above, the index modulation amplitude of an electro-optic
DFB grating can be of the order of dn ’ 1024 – 1025 in
lithium niobate. For a waveguide device, fabricating the
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mature microlithographic techniques from the semicon-
ductor industry. For a DFB diode laser a few hundred
micrometers in length, a corrugated structure atop the
gain medium is sufficient to provide a DFB coupling
strength of k¯ ; 1.14 Similarly, the corrugated DFB
structure can be integrated with a waveguide DFB OPA
or OPO by use of the standard material etching or depo-
sition technique that is widely adopted in semiconductor
microfabrications. Compared to a 100-mm long DFB di-
ode laser, a centimeter-long waveguide OPO may have a
DFB coupling coefficient a hundred times larger. We in-
deed anticipate the demonstration of high-performance
waveguide DFB OPAs and OPOs in the near future. A
DFB OPO has wavelength selectivity in the transparent
range of a nonlinear optical material. However, real-
time wavelength tunability is always a desirable at-
tribute for an OPO. Some nonlinear optical materials,
such as lithium niobate, are also piezoelectric materials.
Acousto-optic (AO) index modulation could be a feasible
scheme for implementing a real-time variable DFB grat-
ing in a DFB OPA or OPO. One can therefore tune the
wavelength of an AO DFB OPO by varying the acoustic
frequency. In lithium niobate, the refractive-index
change in an AO DFB structure can be comparable with
that in an electro-optic DFB structure, or dn
’ 1024 – 1025, given an acoustic intensity of ;10 W/cm2
and an AO figure of merit of 6.99 3 10214 m2/W.25 The
ultrasound speed in lithium niobate26 varies from 3500 to
7000 m/s, depending on the type of acoustic wave and on
their propagation direction with respect to the crystal
symmetry. The surface acoustic wave (SAW) has the
slowest speed and is most promising for forming an AO
DFB structure in an optical waveguide. To generate a
1-mm-period first-order AO DFB grating in lithium nio-
bate, the SAW’s frequency is approximately 3–4 GHz and
is in the high-frequency limit of the current SAW technol-
ogy. Like many DFB diode lasers, an AO DFB OPA/OPO
can initially adopt a high-order and long-period DFB grat-
ing to reduce the operational frequency of the SAW.
7. CONCLUSIONS
In this paper we have developed a coupled-wave theory
for distributed-feedback optical parametric amplifiers and
oscillators. The performance of forward-phase-matched
DFB OPAs and OPOs was investigated in detail. A DFB
OPA can have significant parametric gain near mode reso-
nance. When the idler is used as a seeding wave, a DFB
OPA does not have the problems of reflection loss and op-
tical feedback associated with an ordinary DFB laser am-
plifier. From coupled-wave theory we have shown that a
DFB OPO retains the basic properties of a DFB diode la-
ser, including mode-dependent threshold gain and mode
shift and threshold adjustment from facet reflections.
The primary difference between a DFB OPO and a DFB
laser is that the former requires phase matching among
the mixing waves and the optical gain is direction depen-
dent. Consequently, a forward-phase-matched DFB OPA
has the advantage of forward power extraction. This
unique property is further revealed in the cascaded ver-
sion of a DFB OPO, in which the idler phase relative tothe signal phase has a profound influence on and control
of the oscillation modes. A DFB OPO has the advantages
of the wavelength selectivity of an OPO and the mode se-
lectivity of a DFB laser. We expect rich device physics
and applications to be discovered in the near future from
this new class of coherent light source.
APPENDIX A
The coupled-wave equation, Eq. (7), was solved and cross
checked by two independent numerical techniques. The
first technique is the so-called eigenvalue–eigenvector
technique and the second one employs a Laplace trans-
form. Both techniques avoid numerical integration for
differential equations (7).
In the eigenvalue–eigenvector technique, one first
solves characteristic equation (8), H(D) 5 0, to obtain the
three roots, D1 , D2 , and D3 . If D1 , D2 , and D3 are dis-
tinct, three linearly independent eigenvectors, x1 , x2 ,
and x3 , can be obtained from the equation
F 2j d¯ 2 jk¯ 2 jk¯sjk¯ j d¯ 0
jk¯ i* 0 0
Gx1,2,3 5 D1,2,3x1,2,3 .
If there is a double root or a triple root in the charac-
teristic equation, a more-complicated but standard math-
ematic procedure27 is necessary to produce the three lin-
early independent eigenvectors, x1 , x2 , and x3 . With
known D1 , D2 , and D3 and x1 , x2 , and x3 , the solutions
to the signal and idler fields are given by
F R~ z¯ !S~ z¯ !
Ai*~ z¯ !
G 5 c1x1 exp~D1z¯ ! 1 c2x2 exp~D2z¯ !
1 c3x3 exp~D3z¯ !, (A1)
where the coefficients c1,2,3 can be determined from the
boundary conditions R(0), S(1), and A0*(0). With the
column vectors
x1 5 S x11x21
x31
D , x2 5 S x12x22
x32
D , x2 5 S x13x23
x33
D ,
the c coefficients are given by
S c1c2
c3
D 5 M21F R~0 !S~1 !
Ai*~0 !
G
[ F x11 x12 x13x21 exp~D1! x22 exp~D2! x23 exp~D3!
x31 x32 x33
G21
3 F R~0 !S~1 !
Ai*~0 !
G . (A2)
The resonant condition is equivalent to having un-
bounded amplitudes of the signal and idler fields for a
given set of initial inputs. As a result, the resonance con-
dition is
1*
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